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INTRODUCTION
Epothilones are naturally occurring microtubule-stabilizing macrolides that were first isolated from the fermentation broth of myxobacterium Sorangium cellulosum (Bollag et al. 1995) . Like taxanes, they prevent cancer cells from dividing by interfering with tubulin disassembly, but in early trials, epothilones have shown to have better efficacy and milder adverse effects than taxanes (Gerth et al. 1996) . IXEMPRA (Ixabepilone), a modified derivative of epothilone B, was officially approved by the Food and Drug Administration in 2007 (Thomas et al. 2007) . In addition, epothilone D was recently found to have a potential effect on Alzheimer's disease (Penazzi et al. 2016) . For these reasons, scientists and entrepreneurs have focused on epothilones for a long period of two decades. At present, the realized industrialized epothilones are mainly extracted from fermented products of the original host, S. cellulosum, which is produced under poor cultivation conditions, including extremely slow growth speed, harsh fermentation conditions and so on. Consequently, the price of epothilones is too expensive for patients in need because of the difficult production technology, which severely limits the clinical applications of epothilones.
The biosynthesis of epothilones is catalyzed by a 56-kb PKS/NRPS hybrid epothilone gene cluster (epo) using a series of substrates, such as malonyl CoA and methyl malonyl CoA, to form the main carbon backbone by the Claisen condensation reaction. And then the 16-membered macrolactones epothilone C and D are released by cyclizition (Molnar et al. 2000) . After epoxidization by a P450 cytochrome oxygenase coded with the epoK gene, epothilone A and B are produced (Molnar et al. 2000) . Various attempts have been made to industrially produce more epothilones, including through heterologous expression. The heterologous expression of the epothilone biosynthetic pathway was achieved in a multitude of advantageous hosts, including Burkholderia DSM 7029. We recently obtained a genetic engineering strain, DSM7029::Tn5-km-epo (G32), which successfully produced epothilones. However, the epothilone yields were quite low in G32, with the production of 2.3 μg/l of epothilone C and less than 1 μg/l of the other epothilone derivates (Bian et al. 2017 ).
Keeney's et al. has developed a transporter engineering technique that has demonstrated to be a practical system for enhancing compound production in microbial cells by expelling target products out of feasible hosts (Keeney et al. 2008) . Transporters, a vast protein family with a broad dispersion from bacterium and plants to humans, are involved in the uptake or efflux of miscellaneous compounds across biomembranes (Higgins 1992) . Previous studies showed that the overexpression of transporter pumps or their transcriptional activators could advance antibiotic expulsion and results in the reduced susceptibility to antibiotics in Escherichia coli (Keeney et al. 2008) . In Yoon's study of the epothilone biosynthetic pathway, two putative antibiotic transport genes, orf3 and orf14 discovered by mining the genomic data of S. cellulosum So ce90, might play a considerable role in epothilone formation (Molnar et al. 2000) . Earlier results inferred that epothilone D production led to an approximately 3-fold reduction in the mutant strain without the orf3 and orf14 genes (Park et al. 2008) .
In this research, using a transporter engineering method, the yield of epothilones produced in strain G32 was increased. A shuttle plasmid harboring the putative transport genes orf3 and orf14 by Red/ET recombination (Zhang et al. 1998; Zhang et al. 2000 Zhang et al. , 2003 was constructed and later electroporated into G32, resulting in the yield improvement of epothilones.
MATERIALS AND METHODS

Bacterial strains, plasmids, and cultivation conditions
The plasmid pUC19-amp-orf14-orf3 (from Novogene, Beijing, China) was used for routine sub-cloning, and for the DNA sequence of orf14-orf3, we referred to the NCBI data (GenBank accession number AF210843). The vector pRK2-apra-cm not only contained the Tn5 promoter, but it could also be sub-cloned with several other different antibiotic resistance genes (stored in our lab).
Recombineering was performed in the Escherichia coli strain GB2005 dir (Wang et al. 2016) , which is a derivative of DH10B (GeneBridge, Heidelberg, Germany), using low salt Luria broth (10 g Casitone (from Sigma-Aldrich, Beijing, China), 5 g yeast extracts (from Sigma), 1 g NaCl for 1 l medium) medium and suitable antibiotics (15 μg/ml kanamycin (km) and 20 μg/ml apramycin (apra)). The Burkholderia DSM7029 strain was grown at 30
• C in CYMG medium (8 g casein peptone (from Sigma-Aldrich), 4 g yeast extracts (from Sigma-Aldrich), 4.06 g MgCl 2 ·2H 2 O, and 10 ml 50% glycerin was added for 1 l medium) supplemented with 30 μg/ml km or 30 μg/ml apra to select the transformants (Table S1 , Supporting Information).
Construction of expression plasmids and introduction of vectors to Burkholderia DSM7029
Putative transport genes were gained from plasmid pUC19-amporf14-orf3 by PCR using the primer pair epoT3-14-F and epoT3-14-R (Table S2 , Supporting Information). PCR products 'orf14-orf3' were checked in 0.8% agarose gel electrophoresis and then purified for the next step. Plasmid pRK2-apra-cm was treated with restriction endonuclease BstZ171 to get the linear DNA fragment 'pRK2-apra,' exposing the homologous arm binding site with PCR products 'orf14-orf3.' Afterwards, two linear DNA fragments, 'orf14-orf3' and 'pRK2-apra,' were co-transferred into electrocompetent E. coli GB2005 dir and cyclization as described (Tu et al. 2016) . Recombinants were extracted by the alkaline cleavage method and digested with BstZ171 and Xba I to screen for the correct ones (Fig. 1) . The correct plasmid was analyzed by the sequencing primers Pkm-F and orf3-3-R to confirm the sequence of the orf14-orf3 genes and Tn5 promoter (Table S2 , Supporting Information). Meanwhile, the expression vector pRK2-apra-orf14-orf3 was transferred into the genetically engineered G32 strain by means of room temperature electroporation (Tu et al. 2016) , and the transformants were selected by apra 30 CYMG plating for 2 days. The plasmids in the transformants (named G32::orf14-orf3) were extracted by the alkaline cleavage method and digested with ApaL I seeking for the correct ones.
RT-PCR analysis
The mRNA levels of orf14 and orf3 were determined by quantitative Real-Time polymerase chain reaction (RT-PCR). RNA was extracted from the mutant strain G32::orf14-orf3 using the PureLink RNA Mini Kit (Invitrogen). Genomic DNA was removed using DNase I (Sigma-Aldrich) according to the manufacturer's method. First-strand cDNA was synthesized from 4 μg total RNA in a 20-μl reaction volume using High-Capacity cDNA Reverse Transcription Kit (TAKARA, China). RT-PCR was carried out using the Fast SYBR Green Master Mix (Invitrogen) and the Applied Biosystems R 7500 Real-Time PCR Systems. Gene-specific primers were designed using Primer Premier 5.0, and the sequences of the primer pairs were listed in Table S2 , Supporting PCR products 'orf14-orf3' flanked with the homologous arms were gained from plasmid pUC19-amp-orf14-orf3 by PCR using the primer pair epoT3-14-F and epoT3-14-R (Table S2 , Supporting Information). Meanwhile, another linear DNA fragment 'pRK2-apra' was obtained after digested with BstZ171. Later, these two linear DNA fragments were co-transferred into electrocompetent E. coli GB2005 dir for cyclization to form the final vector, pRK2-apra-orf14-orf3. (b) SYBR green fluorescence chart of orf14 and orf3 produced in real-time PCR. 16S rRNA gene was used as the internal control. The relative gene expression levels valued with − CT of orf14 and orf3 genes are 8.42 and 11.38. Each sample was measured three times using the primers listed in Table S2 , Supporting Information.
Information. The fluorescence change of SYBR Green I was monitored by the system software for every cycle, and the threshold cycle (CT), the melting curves and the relative gene expression levels (− CT) were measured automatically. 16S rRNA gene was used as the internal control.
Fermentation and extraction of Burkholderia DSM7029 strains
Epothilones produced by G32 and mutant strain G32::orf14-orf3 were cultivated in 300-ml flasks containing 30 ml CYMG medium supplemented with apra (30 μg/ml) at 30
• C, 180 rpm. After 72 h of cultivation, 600 μl of treated XAD16 resin was added into the fluid. After another 24 h of cultivation, the biomass was harvested by centrifugation and then extracted with methanol for 3 h. The methanol phase was evaporated for high-performance liquid chromatography-mass spectrometer (HPLC-MS) analysis. To detect the extracellular and intracellular epothilone, respectively, mutant strain G32::orf14-orf3 was cultivated in the same conditions for 96 h. The culture broths were centrifuged at 8000 rpm for 10 min. The liquid supernatant and the mycelia were extracted with methanol for 3 h separately. The methanol phase was evaporated, redissolved in 600 μl methanol and analyzed using highresolution HPLC-MS-MS and quantified using low-resolution HPLC-MS. Data were collected from at least three independent experiments (Qiu et al. 2011) .
HPLC-MS measurement
The HPLC-MS measurement was performed on a Dionex Ultimate 3000 LC system utilizing a Waters Acquity BEHC-18 column (100 × 2.1 mm, 2.2-μm particle size). Separation of a 2-μl sample was obtained with a linear gradient of A (water and 0.1% trifluoracetic acid) and B (acetonitrile and 0.1% trifluoracetic acid) at a flow rate of 300 μl/min at 45
• C. The gradient was initiated by a 0-3 min isocratic step at 5% B followed by an increase to 95% B over 15 min and a final 3-min step at 95% B before re-equilibration under the initial conditions. UV spectra were recorded by a DAD (Diode Array Detector) at 254 nm. MS measurement was carried out on the ama- With the standard curve measured with standard samples of epothilone B, the quantitative analysis of epothilones was performed as described (Bian et al. 2017 ).
Comparison of epothilone derivative yields via peak area
According to the data analysis performed with DataAnalysis software version 4.2 (Bruker Compass), the peak area values of each compound, verified as epothilone derivatives by MS 2 typical fragments, were used as an index to show the yields of the four derivatives. To investigate the effects of putative transport genes on epothilone biosynthesis, the four derivatives were classified into two groups in two separate ways, including final products (A + B); intermediate products (C + D) marked as letters F and I; methyl chain products (B + D) and non-methyl chain products (A + C) marked as letters M and H, which counted the ratio of each of the two pacts (named F/I and M/H).
RESULTS
The genes, orf14 and orf3 are expressed in mutant strain G32::orf14-orf3
Ethidium bromide-stained agarose gels showed two linear DNA fragments'orf14-orf3' and 'pRK2-apra' obtained by PCR reaction and enzyme digestion were correct (Fig. S1a , Supporting Information). Similarly, gels results indicated that the expression vector pRK2-apra-orf14-orf3 was successfully constructed while orf14 and orf3 genes were under control of Tn5 promoter (Fig. S1b, Supporting Information) . The genetic organization of the obtained orf14-orf3 gene set is identical to the data from NCBI (data not shown). In the resulting mutant strain G32::orf14-orf3, the correct transformants were selected, cultivated and confirmed by ApaL I digestion (Fig. S1c, Supporting Information) . By assayed with quantitative RT-PCR, outcomes obviously indicated that this two heterologous putative transport genes had successfully expressed in mutant strain G32::orf14-orf3 (Fig. 1b  and S2 , Supporting Information). Besides, it is in the same way that the transcription of epothilone gene cluster and putative transport genes were regulated by constitutive promoter, Tn5, implying nearly expression of them in mutant strain G32::orf14-orf3.
Extraction and analysis of the fermentation compounds by HPLC-MS
The secondary metabolites of the G32 strain and the mutant strain G32::orf14-orf3 were analyzed by HPLC-MS independently (Fig. 2b) . According to the data, four epothilone-like compounds were found in the crude extracts of the two stains, separately eluted at 13.0, 13.4, 15.6 and 16.2 min. Subsequently, the compounds of these four peaks were unambiguously confirmed by Extracellular and intracellular epothilone B production by the mutant strain G32::orf14-orf3 in response to heterologous expression of two putative transport genes. G32::orf14-orf3 containing pRK2-apra-orf14-orf3 was compared to the engineering strain G32. Extracellular and intracellular epothilone B produced were quantitated separately.
the MS 2 pattern data ( Fig. 2 c-f) . Consequently, the parallel results confirmed that the four derivatives of epothilone were obtained by heterologous expression in the fermentation broth of the G32 strain and mutant G32::orf14-orf3.
Epothilone yield improvement via expression of orf3 and orf14
Previous studies have suggested that epothilones may have a potential cytotoxic effect on the heterologous prokaryotic hosts (Molnar et al. 2000) . So in this study, with the intention of stimulating the secretion of epothilones from the heterologous host DSM7029, a set of putative transport genes orf3 and orf14 was co-expressed in the original G32 strain to obtain the mutant G32::orf14-orf3, which was expected to reduce cytotoxicity and improve production. Epothilone B, for which was the most potential and commercially available compound in these four derivatives, was quantitated to be a standard in further experiments. The yield of other derivative in this study was represented by the peak area of each one. Compared with the epothilone yields between the two strains (Table S3 , Supporting Information), the resulting strain G32::orf14-orf3 showed enhanced production of the corresponding compounds (an approximately more than 1-fold). The yields of the four main products were all increased to various degrees. Notably, the largest production improvement was epothilone B, which increased to almost five times by peak area in the mutant G32::orf14-orf3. Similarly, the second yield rise belonged to epothilone D, which was approximately three times. Furthermore, the yields of epothilone A and epothilone C had also increased about two times (Fig. 3a) . Such an advancement event indicated that heterologous expression of the potential transport genes was helpful and encouraging in the promotion of epothilone production in strain Burkhorderia DSM7029. Compared with the original G32 strain, the F/I value, the ratio between the final products (epothilone A and B), and the intermediate products (epothilone C and D) remained unchanged in the fermentation product of mutant strain G32::orf14-orf3, while the M/H value, the ratio between the methyl chain products (epothilone B and D) and the non-methyl chain products (epothilone A and C) increased from 0.35 to 0.69, nearly doubled (Fig. 3b) .
Heterologous expression of putative transport genes enhanced extracellular epothilone B accumulation in the mutant strain G32::orf14-orf3
In this study, a simple and clear liquid medium CYMG was utilized to separate extracellular and intracellular epothilones. Obviously, in contrast to the control of strain G32, the overall productivity of epothilone B in the engineered high-yield producer G32::orf14-orf3 was improved for almost 3-fold, from 2.7 to about 8.1 μg/l (Fig. 3c) . In addition, the extracellular and intracellular production of epothilone B from mutant strain G32::orf14-orf3 was increased from 2.5 to about 7.5 μg/l and 0.3 to 0.55μg/l (Fig. 3c) . Moreover, the ratio of extracellular to intracellular accumulation of epothilone B was raised from 9.3:1 to 13.7:1 in response to expression of the integrated genes, intimating that heterologous expression of these two putative transport genes could enhance the export of epothilones in a certain extent. Meanwhile, the other three epothilones were also found advanced, extracellularly and intracellularly (data not shown).
DISCUSSION
Over the past two decades, the heterologous expression of the epothilone biosynthetic pathway was successfully conducted in a series of prokaryotic hosts, including Escherichia coli (Mutka et al. 2006) , Myxobacteria (Julien and Shah 2002) , Streptomyces (Tang et al. 2000; Park et al. 2008 ) and even Burkholderia (Bian et al. 2017) . According to published reports, the initial production of epothilones in heterologous hosts was relatively low, with the highest yields in M. xanthus DK1622 of ∼100 μg/l (Julien and Shah 2002) , but it was not conducive to reducing the costs of industrially produced epothilone.
Burkholderia DSM7029 (=K481-B101 = ATCC53080), isolated from a soil sample in Greece, grows with a doubling time of 1 h . It is a fast-growing engineering bacterium in contrast to many species of myxobacteria, such as Myxococcus xanthus (approximately 5 h) or Sorangium species (approximately 16 h). Moreover, it can form single visible colonies on solid agar plates in 2 or 3 days. In addition, Burkholderia DSM7029 is capable of producing useful Non Ribosomal Peptide Synthetases-Polyketide Synthases (NRPS-PKS) hybrid molecules, called glidobactins (Schellenberg, Bigler and Dudler 2007; Muller 2009 ) from its own genetic and metabolic arsenal. Recently, the complete genome sequence of the strain Burkholderia DSM7029 was completed, exhibiting an average Guanine and Cytosine (GC) content of 67.51%, close to myxobacteria (Tang et al. 2015) . Genome scanning revealed the presence of a putative 4'-phosphopantetheinyl transferase (GenBank accession number AKJ29876.1), which is essential for the formation of PKs and NRPs in the chromosome (Walsh et al. 1997) . To sum up, Burkholderia DSM7029 showed the potential to be a candidate host for the expression of myxobacterial natural products. Herein, we had already achieved the heterologous expression of epothilones in Burkholderia DSM7029 and four derivatives could be detected in the fermentation broth at the same time (Bian et al. 2017) . It indicated that Burkholderia DSM7029 was an ideal chassis host for researching the regulation on epothilone metabolism. However, the epothilone yields were low as mentioned above. Thus, it was significant to promote or regulate the biosynthesis of epothilones by available genetic or metabolic methods.
Multidrug resistance in bacteria has often been mediated by such transporters functioning as drug efflux pumps with broad substrate specificity. For instance, the pleiotro-pic multidrug efflux pumps, such as the tripartite pumps AcrAB-TolC from E. coli (Touze et al. 2004) . However, there are few reports about the heterologous polyketide production by engineering the transporters, which has already been applied in the improvement of heterologous biofuel and isoprenoids production in E. coli (Dunlop et al. 2011; Doshi, Nguyen and Chang 2013; Wang et al. 2013; Fisher et al. 2014) . Hence, the abovementioned reports revealed that increasing cellular exportation to the targets by transporter engineering could be a promising strategy to enhance polyketide production in heterologous microorganisms. Such a scheme had been proven to be feasible in increasing heterologous polyketide 6-deoxyerythronolide B (6dEB, erythromycin precursor) production by modulation of the tripartite multidrug efflux pumps MacABTolC, AcrAB-TolC, MdtEFTolC and MexAB-OprM, which have shown about a 1-fold improvement in E.coli (Yang et al. 2015) . However, according to previous research, with a series of genetic restrictions, E. coli stands in its own light as a universal heterologous host for all polyketides, especially epothilones (Boghigian, Zhang and Pfeifer 2011) .
In this report, relative quantitative RT-PCR confirmed that two putative transport genes has significantly expressed in mutant strain G32::orf14-orf3. And the yields' growth of four epothilone derivatives might suggest that the structure between C12 and C13 of the epothilones was not essential to the efficiency of transport proteins. Heterologous expression of such two genes increased the yields of extracellular epothilone B about 4-fold and changed the ratio of intracellular to extracellular accumulation of this promising compounds from 9.3:1 to 13.7:1 in CYMG medium. These data supported that the hypothesis that these two genes took effect to export epothilone and remove the products inside the cell, which could be more conductive to promoting the forward reaction of epothilone biosynthesis. About the increasing of M/H value, it was still not clear whether the mentioned structure of epothilone B/D would motivate more transports of such compounds. Another hypothesis was that the cytotoxic effect of epothilone B/D was more powerful than that of epothilone A/C, resulting in being more harmful to prokaryotic heterologous hosts. Normally, Burkholderia DSM7029 could not suffer from the concentrations of epothilone B or D the same as epothilone A or C, but the reduction of the concentration of epothilone B/D in the cytoplasm could relieve the poisoning bacterial cells. But it could be definite that Orf3 and Orf14 were involved in the export of epothilone by comparing the titer of epothilone B extracellularly and intracellularly. The co-expression of these two genes did increase the total production level of epothilones in G32, which established the platform for further genetic engineering of epothilone biosynthesis and production optimization via fermentation condition optimization and other genetic methods in the future.
CONCLUSION
In this study, the mutant strain Burkholderia DSM7029 G32:: orf14-orf3 was successfully obtained and four main epothilone derivatives were detected in the fermentation. The yield of the four epothilones was improved by the heterologous expression of two potential transport genes. Afterwards, according to the comprehensive analysis of a published report based on South Korea's research in Streptomyces venezuelae (Park et al. 2008) , all of the results indicate that there is a positive correlation between epothilone production and the potential transport gene expression within a certain range. The heterologous expression of putative transport genes can be an effective and significant way to improve epothilone yield. In brief, our results provide a practical approach to improve the yield of heterologous natural products in other broad chassis cells, except for Escherichia coli.
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